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Abstract

Factors affecting sensing of small quantities of fissionable material in large sea-going cargo con-
tainers by neutron interrogation and detection of -delayed photons are explored. The propagation
of variable-energy neutrons in cargos, subsequent fission of hidden nuclear material and production
of the -delayed photons, and the propagation of these photons to an external detector are consid-
ered explicitly. Detailed results of Monte Carlo simulations of these stages in representative cargos
are presented. Analytical models are developed both as a basis for a quantitative understanding
of the interrogation process and as a tool to allow ready extrapolation of our results to cases not

specifically considered here.

PACS numbers: 89.20.Dd, 89.40.Cc, 25.85.Ec



I. INTRODUCTION

The detection of kilogram quantities of fissionable materials that might be hidden in
large, sea- going cargo containers has been recognized as a major issue in world security.
This represents a daunting task. Such intermodal cargo containers, with cross sections
of about 2.4 m x 2.4 m and lengths of 6 m or 12 m, carry cargos of up to 27 metric
tonnes. Essentially all materials in modern commerce, and hence elements spanning most
of the periodic table, can be found among them. The contents of a container may be
almost homogeneous in both composition and volumetric distribution, or heterogeneous,
with quasi-regular or random voids throughout. For such a wide range of conditions, brute-
force Monte Carlo simulations of the transport of interrogating radiation and the subsequent
production and transport of signature radiation through the cargo to a detector are the
primary means of approaching reasonably accurate predictions of the efficacy of proposed
methodologies. Performing these simulations for all possible cargos is impractical. It is of
obvious interest to identify and quantify those factors that can be reduced to generalizations
and to develop analytical approaches that can provide reasonable and prompt estimates of
a given interrogation scenario.

Formalisms describing neutron and photon transport have long been in a state of ma-
ture development. Publications of the reactor physics community, in particular, are a rich
resource for understanding many aspects of the cargo interrogation problem. However, the
focus and interesting aspects of reactor applications are quite different from those for cargo
interrogation systems. The present work is an attempt to bridge some of that disparity by
developing part of the foundation needed for understanding cargo interrogation methods
that rely on neutron-induced fission and detection of post-fission, high-energy S-delayed -
rays. Figure 1 gives a simple illustration of such a detection system. We will emphasize the
salient features of particle transport relevant to this problem.

The problem we deal with is defined principally by the extensive shielding posed by
the massive cargos, the physical dimensions of the containers and the time allowed for an
inspection, and decay imes of interesting radiation. The methodology chosen for study
here is suggested by the fairly large mean free paths for neutrons with energies in the
range 0.1 < FE, < 14 MeV in most materials (see, e.g. [1]) and the high-penetrability

and characteristic signatures of the y-rays emitted with energies E, 2 3 MeV in the decay



of short-lived fission products [2]. Practical considerations suggest that the time scale for
scanning of cargo containers should be on the order of 1 min, which is just the time scale
associated with the decay of the fission products that emit photons of interest.

The estimation of the ~-ray signature escaping the cargo and incident upon an external
detector can be treated in two distinct phases. The first concerns the interrogating neu-
trons, their transport through the cargo container and their efficiency for inducing fission.
This is treated in Section 2. The second part concerns the high-energy v-rays from decay
of the fission products, their production, transport through the cargo container and their
probability of detection. Here we consider a schematic scintillation device as the detector
for such radiation. In section 3 we present estimates for the spectra of y-rays emitted follow-
ing fission as well as formulas for simply estimating the influence of cargo on the observed
photon spectrum. As representative of possible clandestine material, we treat explicitly
the case of highly-enriched uranium (HEU) embedded in homogeneously-filled containers.
Effects due to the environment outside the detector/container system, including scattering
in the external environment, are neglected. To represent common hydrogenous materials,
such as plastics, foodstuffs and all other organic products and materials, we choose a model
composition for wood. To represent the most common heavier elements found in commerce,
we consider aluminum and steel. Load limits generally applied to these containers dictate a

maximum mean cargo density of ppax ~ 0.6gcm 3.

II. NEUTRON TRANSPORT IN CARGOS AND FISSION

One key measure of the usefulness of active interrogation systems is the neutron flux at
the position in the cargo container where a target may be located. This flux will depend
primarily on the properties of the cargo and the characteristics of the interrogating neutron
beam. At the start, it is useful to differentiate between cargos that strongly or weakly mod-
erate the neutrons. Practically, this is equivalent to distinguishing between materials rich in
hydrogen and those that are not[10]. The first case, i.e. transport in weakly-moderating car-
gos, is relatively straightforward because thermal energies are generally not reached and loss
of neutrons by absorption is usually negligible. To a good approximation, only scattering of

quasi mono-energetic neutrons need be considered. This case is discussed first.



A. Weakly Moderating Cargos

Cargos composed only of heavy elements are not efficient moderators because of the
small energy loss characterizing neutron collisions within the container and the relatively few
collisions suffered before neutrons escape the container. In the limit of energy-independent
neutron scattering, adequate for rough scaling purposes, the mean distance traversed by a
neutron after scattering n times in a homogeneous medium is (r?) = 2n\?, where \ is the
scattering mean free path. For a cargo container with characteristic linear dimension L, the

number of scatterings suffered by a typical neutron before escaping the container is

1 (L\?
esc ~ S\ T : 1
fese = 5 <)\> (1)
A simple estimate of the upper limit to n.s. can be found by neglecting compound elastic

scattering and using the low-energy limit to potential scattering
Oelpot = A R?. (2)

Here R ~ 1.25AY3 fermi is the nuclear radius and A is the mass number of the target
nucleus. With this, A ~ 8.5¢cmA'/3/p and an estimate of the number of collisions to escape

is

2
3 ( pPL
Nesc S 7-10 <A]/3> ) (3)

where p is the cargo density. The average number of collisions needed to thermalize a neutron

with initial energy FEj is about

In(Ey/E
o o Eo/En) (4)
3
where
dF 2
CCE Ao )

is the mean logarithmic energy loss per collision. If we assume the maximum homogeneous
density of ppax = 0.6gcm 3, the number of collisions suffered by a neutron before traversing
a distance L. in a container filled with either aluminum or steel will be less than about 16
and 10, respectively. For the minimum neutron source energy of 0.06MeV considered here,
the ratio of the number of collisions to escape to the number of collisions to thermalize is
less than 0.1 for all mass numbers greater than about 25.

Inelastic scattering changes the evolution of neutron energy within the container a little.

For incident neutron energies larger than a few MeV, inelastic scattering comprises about



half the total scattering cross section for many nuclei with AZ20. Each inelastic scattering
event can decrease the neutron energy by a factor of ~ 2. Once the neutron reaches energies
of a few hundred keV inelastic scattering is usually not efficient at moderating the neutron.
At least for semi-quantitative calculations, thermalization can be neglected safely, as well as
loss of neutrons by mechanisms other than escape from the container.

Assuming that neutron absorption and the energy dependence of the scattering cross
section can be neglected, a simple diffusion approximation for neutron transport can be
applied. That is, the total flux in the container is given approximately by the sum of
the uncollided flux at the source energy (or energies) and a diffusive flux. We consider
for simplicity the case of a mono-energetic neutron beam entering through the wall of a
homogeneously filled container. The flux of uncollided neutrons along the beam axis in the
cargo is given simply by

Po(2) = poe (6)

where ¢, represents the flux of neutrons at the point of entering the cargo container and z
represents the path length within the container of an uncollided neutron.

If scattering is approximately isotropic, as is typically true for modestly heavy nuclides,
the neutrons undergoing a first scattering out of the beam can be treated as a source of
diffusive flux. The number of neutrons scattered out of the beam at z per unit time per unit

volume is

ds
dBrdt

Yo(2). (7)
Here ¥ = 0pN, /A is the macroscopic scattering cross section and N, is Avogadro’s number.
The flux at an arbitrary point within the cargo container can be calculated from an estimate
of the diffusion kernel that describes propagation of neutrons from a localized source. In an
infinite and homogeneous medium, the diffusive flux at a point 7 = (2',¢/, 2') arising from

a point source of strength dS at 7 = (z,y, 2) is

dS dS
dai = —Gi(r, 7)) 8 ————.
Gain(r) A7 D () ArD|r — |

(8)
Here D is the familiar diffusion coefficient given by D~' ~ 33(1 — 1), with ji is the average
of the cosine of the scattering angle.

In finite containers the diffusive flux approaches a very small value near the container

walls. Eq. 8 is only accurate when the distance |7 — 7’| is much smaller than the distance



from 7 to the nearest container wall. Standard approximations to the diffusion kernel for
rectangular boxes are well known, though somewhat tedious. Appendix 2 reviews some
properties of the finite-space diffusion kernel Gy,. In terms of this kernel, a simple estimate

of the diffusive flux at any point in the cargo container is given by

ban(r) = 1 [ 9ol G (7.7 ©)

where 7' is the point of first scatter for a neutron.

For homogeneous cargos, the sum of the uncollided flux (eq. 6) and the diffusive flux
(eq. 9) are usually adequate for predicting the total flux at a target to within a factor of
about two in homogeneous cargos. To demonstrate this, and to motivate a simple picture
describing interrogation of non-hydrogenous cargos, the neutron flux in a container filled
homogeneously with natural aluminum is shown in figure 2 as a function of beam energy.
Results from the above analytic calculations and from detailed Monte Carlo calculations
are both shown. These Monte Carlo simulations are from the LLNL COG [3] code and use
ENDF B-VI evaluated data files [11]. The neutron source was taken to be a 30 cm diameter
beam incident normally at the center of the cargo container floor. The container walls were
assumed to be low carbon steel of thickness 1/8”. Above the floor was a 3 cm thick sheet of
wood, modeled as cellulose (CgH19O5) containing 12% H,O by weight.

The comparisons between the simple analytical approximations and the Monte Carlo
simulations show reasonable agreement. They are also representative of results for steel and
other homogeneous non-hydrogenous cargos. Common to these is the relatively weak beam
attenuation. For example, the flux of 14 MeV neutrons at the center of a container filled
at maximum mean density is still about 10% of the incident flux. Also, and in contrast
to hydrogenous cargos (see below), the flux depends only modestly on the neutron beam
energy. The wood flooring is responsible for most of the dependence of the flux on incident
neutron energy. For example, the wood attenuates 60 keV neutrons by a factor of about 3,
and 1 MeV neutrons by a factor of about two.

The results shown in figure 2 are relevant for the case of a neutron beam positioned
directly beneath a target in a static condition. However, active interrogation systems now
under consideration propose scanning the cargo by passing the container over or by the beam
at a constant rate. For this case, it is important to understand the relative importance of

both the uncollided and diffusive flux throughout the container. When the diffusive flux



dominates, the fission rate at the target will vary relatively slowly as the container traverses
through the beam. However, when the uncollided beam dominates, a signature from fission
will increase markedly when the target enters the vicinity of the beam axis. Figure 3 shows
the spatial variation of the total flux along the horizontal centerline of the cargo container
for a 14.5 MeV neutron beam. The cargo and beam geometries represented by this figure
are the same as those described by figure 2. It is clear that the flux within the volume
defined by the uncollided beam is about an order of magnitude larger than the flux 1 m
away from the beam. This is typical of many weakly-moderating homogeneous cargos. The
uncollided flux typically dominates over the diffusive flux because the container weight limit

precludes mean free paths smaller than about 40(A/27)"/3

cm. For homogeneous cargos,
then, the fission signature will rise appreciably as the target enters the uncollided neutron
beam. Alternatively, the makeup of the cargo outside of the region defined by the neutron

beam will generally have little influence on the flux within this region.

B. Cargos that Efficiently Moderate and Absorb Neutrons

Neutron scattering on hydrogen is characterized by an average logarithmic energy loss
& = 1 for energies larger than a few times the average thermal energies of target protons
(~ 107'eV). Unlike the case of cargos composed of elements with large atomic mass, the
container weight limit does not rule out thermalization of neutrons with energies of several
MeV. Indeed, because the n-p scattering cross section increases so quickly with decreasing
neutron energy - the scattering cross section for 1 MeV neutrons is about 12 times larger
than for 14 MeV neutrons - neutrons thermalize in common cases of hydrogen-rich cargos.

In the previous section we showed that consideration of the finite container size is impor-
tant for estimating the offf-axis flux in inefficiently moderating cargos. Properly accounting
for the influence of neutron leakage in efficiently moderating cargos is more difficult and
would take us beyond the reach of simple integrals. However, we will show below that the
finite container size plays a very modest role in setting the flux in hydrogenous cargos. This
is because in these cargos the absorption length, i.e. the distance travelled by initially non-
thermal neutrons before being thermalized an absorbed, is typically smaller than the cargo
container size. The presence or absence of material outside of the absorption length can

only have an exponentially small influence on the diffusive thermal flux.



When neutron moderation is important, account must be taken of the neutron energy
distribution and the dependence of the neutron cross section on energy. One useful and
relatively simple approach to describe the neutron spectrum in moderating media is provided
by Fermi age theory (see [4]). This theory directly considers the slowing down density of

neutrons in the medium defined as

d
0= BT (10)

Here ¢ is the slowing down density, or rate per unit volume at which neutrons with energy
E scatter to lower energies, and d¢/dFE is the differential flux of neutrons with energy E. In
time-independent systems the volume integral of ¢ is independent of E. For a point source of
mono-energetic neutrons in a uniform medium, Fermi’s theory gives a slowing down kernel

described by the Gaussian form
€7r2/47'

q(r,7) = W (11)
Here 7 is the so called Fermi age and is usually given in cm?. The quantity 7(F) determines
the spatial width of the distribution of neutrons with energy E. In addition to being unwieldy
for calculations, it is well known that a Gaussian kernel underestimates the slowing down
density at large r for water and water-like moderators characterized by £ ~ 1. Instead of
the Gaussian kernel, we use the simple exponential form

. exp(—r/y/7(E)) (12)

AT (E)r

that is known empirically to represent the slowing down density at large r for water and
water-like moderators to a good approximation [5]. For the present calculations we rely
on published values of neutron thermalization ages, i.e. 7(E = Eihermal) [5]. Table I gives
transport quantities characterizing passage of neutrons through plywood.

Once neutrons reach near-thermal energies, scattering and absorption cross sections re-
main approximately constant. It then is appropriate to describe these near-thermal neutrons
with a diffusion equation. Treating eq. (10) as the source in a diffusion equation, the diffusive
thermal flux corresponding to a point source of unit strength of mono-energetic neutrons is

1 11 e
—exp(—kr) (1 — e 13
drrD l/T—kQTeXp( ) ( ¢ ) (13)

Gdift th =

where D is the diffusion coefficient for thermal neutrons and 7 here represents the age of

thermal neutrons. In eq. 13 k~! ~ /D/Y, is the diffusion length for thermal neutrons, with



Y, the macroscopic absorption cross section of thermal neutrons. We note that in practical
cases, some of the neutrons interrogating hydrogenous cargo will have scattered multiple
times, but will not have thermalized. Eq. 10 suggests an estimate for the flux of these

intermediate-energy neutrons. As a first approximation,
d¢int ~ 2)\0dQ(T7 T = 7—therm): (14)

where \g is the mean free path of neutrons with the incident energy. We neglect these
intermediate energy neutrons in the following because the rate at which they induce fission
is typically small compared to the fission rate associated with thermal neutrons.

We again take the once-scattered neutrons as the source of aging/diffusing neutrons in
eq. 7. This gives an estimate of the diffusive thermal flux at any point in the cargo container
as

_ b 1 ¢0(ZI)
ArrD 1/ — k%) r(z,7")

Paitr.on (7) exp(—kr(z,7')), (1 — @) gyl (15)

where the integral is over the volume defined by the unscattered neutron beam.

To illustrate the general features of neutron interrogation of hydrogenous cargos, we have
used the wood model described above, expected to be representative of a wide variety of
agricultural products, plastics, etc. The neutron flux at the center of a container filled with
this material is shown in figure 4 as a function of incident neutron energy for both Monte
Carlo simulations and the analytic model developed here. Again, the fluxes calculated with
the analytical model are in good agreement with those obtained from the Monte Carlo sim-
ulations. Both point out the central feature that the flux in thick hydrogenous media can
depend markedly on the energy of incident neutrons. This reflects the strong energy depen-
dence of the n-p scattering cross section. Neutrons with energies of 10-14 MeV penetrate
hydrogenous cargos about as well as they penetrate higher-Z cargos. However, at energies
less than a few MeV, strong attenuation occurs in the hydrogenous media. It is worth noting
that for £, < 3 MeV, the fraction of the flux that is uncollided is negligible. In a container
filled uniformly with our wood model at a density of p = 0.6gcm 3, for example, the un-
collided flux of incident 60-keV neutrons at the center of the container is about 5 orders of
magnitude smaller than the diffusive flux of thermal neutrons at the container center.

The spatial variation of the flux for this cargo is illustrated in figure 5. Like the distribu-

tion shown in figure 3 for aluminum, which is expected to be representative of most weakly



moderating media, the diffusive flux in hydrogenous media decreases almost exponentially
with distance normal to the beam axis. For hydrogenous, moderators, however, this arises
not so much from the finite container size, but principally because of thermal neutron ab-
sorption. Because of the axial dependence of beam attenuation, iso-flux surfaces are not
well-represented by hemi-spheres centered at the point in the floor where the beam enters
the cargo container. Even though the mean free path of incident neutrons can be small
relative to the cargo height, it is not appropriate to approximate the neutrons as suffering

a first collision at their point of entry.

III. SPECTRUM AND TRANSPORT OF S-DELAYED v RAYS IN CARGOS

The neutron-rich primary fission fragments, after emission of prompt neutrons and ~-
rays, have atomic numbers that are typically 3-4 units smaller than those corresponding to
stability for the same mass number. As these nuclides undergo 3 decay to reach stability,
a large number of v rays are emitted. Figure 6 illustrates some of the processes that occur
during such decays. At the present time, no single evaluated data set exists that directly
provides for the temporal evolution of v rays from the decay of the fission products. However,
evaluated data sets representing all of the physical parameters required for such calculations
have been prepared. These include the independent and cumulative fission yields of all fission
products, branching ratios in the decay of ground and isomeric states, lifetimes of these
states, and the spectra of v rays emitted in their decay. Sizeable uncertainties and, possibly,
significant errors are likely present for the shortest-lived fission products. High-energy -
ray spectra generated from some of these data sets have been shown to be in reasonable
agreement with initial experiments designed specifically to test them under conditions likely
to be of interest to cargo interrogation [2, 6, 7].

Of particular interest is the time evolution of the emission of the high-energy ~ rays
produced following fission. Figure 7 illustrates the predicted time evolution of the emission
of such photons following thermal fission of ?*U and ?*°Pu. These nuclides are expected
to exhibit the general and generic features common to most fissile nuclides. The results
shown here were obtained from Monte Carlo simulations using the fission yield evaluations
of England and Rider [8] and the NUDAT data files [9]. As seen in the figure, about
half of the high-energy photons, ~ 0.05 — 0.1 per fission, are emitted within about 10 sec

10



following fission and most of the remainder are emitted over a period of order 100 sec. The
total intensity of photons with E, 2 3 MeV is roughly an order of magnitude larger than
the intensity of [-delayed neutrons, the signature of fissile nuclides often used to detect
fissionable material under conditions of minimal shielding.

Figure 8 shows details of the photon spectrum accompanying thermal fission of 2°U. Al-
though a number of prominent and identifiable lines are present in the spectrum, about half
of the total intensity is found in a large number of fairly weak lines. While this complicates
attempts at comparing calculations with experiments, it also suggests the efficacy of the
use of simple Compton detectors as indicated in the conclusions. Of particular importance
to the following, essentially the entire energy spectrum is contained within an energy band

ending at about 6 MeV.

A. Transport of photons through the cargo container

For photons with E, > 2 MeV, the dominant mode of interaction throughout the periodic
table is incoherent scattering. This observation greatly simplifies treatment of the transport
of high-energy ~-rays through the cargo container. The Compton scattering approximation
may be applied with negligible error, and the mass attenuation coefficient for photons is
then dependent primarily on the ratio of Z/A. This ratio varies in the range 0.39 < Z/A <
0.5 over most of the periodic table. Thus, the attenuation of high-energy photons will
depend primarily on the areal density of a cargo with but weak dependence on its elemental
composition. To a fair degree of approximation, the transport of the high-energy ~ rays
of interest may be estimated without undue concern for the makeup of the cargo and its
heterogeneity. To be sure, some error will accrue if the cargo contains appreciable quantities
of the heaviest elements because of the increasing importance of nucleus-mediated pair
production. But this will affect only the highest-energy photons and should not generally
result in gross error.

An additional and important simplification that results from restricting attention to the
Compton interaction relates to the number of scatterings a photon can suffer before losing
so much energy that it is no longer of interest with respect to detection of a unique signature
of fission. As shown in Appendix 1, it usually suffices to consider only those photons that

suffer fewer than two scatterings in the cargo container before entering into an external
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detector. Because the effects of a single scattering on photon spectra are represented by
simple integrals over the cargo container volume, detailed photon transport calculations are
generally not required.

When uncollided photons dominate the fission signature, the influence of the cargo ma-

terial is represented by simple attenuation in the form

61 = b exp(—(2) & o exp (4 o) (16)

- 47?2 = 4qr2 100cm

Here Sy is the source strength, r is the source to detector distance and angle brackets
represent an average along a given direction. This suggests that that photons escaping from
homogeneous cargos will be attenuated by less than two orders of magnitude.

The estimate in eq. (16) neglects the modest dependence of the Compton scattering cross
section on photon energy over the energy range of interest. The energy dependence modifies
the spectrum of escaping photons because of the decrease in the Compton cross section with
increasing photon energy. An estimate of the magnitude of spectrum distortion is made by
noting that the Compton scattering cross section for 2 MeV photons is about 5/3 times larger
than for 5 MeV photons (eq. A3). This implies that distortion of the delayed ~-ray spectrum

becomes appreciable for cargo thicknesses corresponding to (X(E, = 2MeV)r) 2 2.

IV. ESTIMATES OF THE FISSILE-MATERIAL SIGNATURE

In this section we show how to use the analytical expressions developed in the previous
sections to estimate the delayed 7-ray signature from fission. We calculate €,, the number
of observed high-energy [-delayed photons per neutron incident on the cargo container.

Following the spirit of the preceding sections, we write
e, = €75, 0e” Fey. (17)

Here €; represents the number of fissions per source neutron and S, is the number of
photons emitted per fission in the time and energy window of interest. For example, if a
system can detect photons with energies larger than 2 MeV emitted over a period of 100 sec
following fission, then figure 7 gives S, o & 0.2 for **U. In Eq. 17, ¢, represents the fraction
of escaping high-energy photons that are detected. This clearly depends on characteristics

of the photon detector that will not be considered here. It is reasonable to conceive of a
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detector system that will register a substantial fraction of the photons emitted into the solid
angle it subtends.

The efficiency for inducing fission depends on characteristics of the fissionable material. If
this target material has dimensions that are large relative to the mean free path of a neutron
in the fissile material, €; will scale with the target surface area. If the target is relatively
small €; will instead scale with the target mass. For our present purposes we will suppose
that the target is spherical with radius r,, and completely opaque to thermal neutrons.
We also assume that neutrons at higher energies induce fission with 10 percent efficiency.
These numbers are appropriate for a target consisting of a 5 cm sphere of 25U, With these
assumptions the efficiency for inducing fission can be written
~ ﬂrfarg

€r X
d ¢0 (heam

(¢TH(targ) + 0.1¢HE(targ)) , (18)

where ¢™ and ¢"® refer to the flux of thermal and all other neutrons at the position
of the target, respectively. The factor 7 in eq. (18) should be changed to 47 when the
(approximately) locally isotropic diffusive flux dominates over the well-collimated uncollided
flux.

For homogeneous, non-hydrogenous cargos the uncollided flux at the center of the cargo
container along the beam axis is approximately 0.2¢, for neutrons with incident energy
larger than about 5 MeV. At a horizontal distance of 1 m from the beam axis, the total
flux is smaller by factors of 4-10. Essentially the entire flux within the container is non-
thermal. The total attenuation length for escape of photons arising from a target located at
the center of a uniformly filled container is 7YX, = 3(p/0.5g cm?). Using these estimates a
scaling useful for understanding signal strength from homogeneous non-hydrogenous cargos

is obtained as

6_7 ~ 107567«271;)73) <¢target/¢0> <S7,0> (’ﬂ"l“garg/abeam> . (19)

€4 0.2 0.1 0.1

Implicit in this equation is the assumption that the beam area is larger than the cross
sectional area of the fissile material.

The flux in hydrogenous cargos depends strongly on the neutron beam energy and hydro-
gen density in the cargo. Figure 4 and the equations in section IIB can be used for reliable
estimates of flux in homogeneous cargos. Note that the flux will usually be dominated by

thermal neutrons.
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V. DISCUSSION AND CONCLUSIONS

Notwithstanding the real complexities of the wide range of cargos expected in practice,
the analyses presented above suggest that for many homogeneous and quasi-homogeneous
cargos, the exact nature of the materials is relatively unimportant to estimates of the efficacy
of the interrogation scheme. If the cargo is devoid of significant quantities of hydrogenous
material, so that thermalization can be neglected, the efficiency for producing fission is
not strongly dependent on the elemental composition. When the hydrogenous content is
significant, the efficiency for producing fission will depend strongly on the average density
of hydrogen and the incident neutron energy. The detailed composition of the hydrogenous
material is generally unimportant. Further, significant quantities of high-Z elements will
not affect the efficiency to a great extent. For almost all cargo types, the transport of the
high-energy delayed 7 rays through the cargo will be fairly independent of cargo composition
other than its mean density. This is true for both homogeneous and heterogeneous cargos.

These observations permit general scoping calculations to estimate the signal incident on
an external detector without recourse to detailed transport calculations. As shown in the
appendix, the spectrum of photons escaping the cargo will, in many cases be composed of a
significant fraction of first-scattered photons that will have energies in the range desired for
signal analysis. As pointed out by Norman et al. [2], the natural background radioactivity
does not emit energies in excess of 2.6 MeV, and this might represent a natural lower-
limit to the energies of detected photons that are used as a signal for fission. To be sure,
detector events from cosmic background and subsequent nuclear reactions at higher energies
must be considered. But also, the very intense photons at lower energies from fission might
suggest an even lower threshold for a fission signal. The exact nature of the lower-limit for a
desired signal will depend upon an optimization between the fission-product v rays and the
actual background of the environment in which measurements are made. In any event, the
large fraction of delayed v-ray intensity contained in relatively weak lines suggest that high-
resolution detectors are not necessary and relatively cheap and simple organic scintillators
should suffice in practical applications.

We have not presented a survey of cargos that are non-uniform, or “clumpy”. As discussed
above and in the first Appendix, photon transport is mostly sensitive to average opacities.

Even for clumpy cargos, then simple methods can give good estimates for the spectra of
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photons escaping the container.

Some of the conclusions arrived at above will not be valid for neutrons interrogating very
clumpy cargos. One reason is simply that the natural densities of many material are much
larger than the allowed maximum mean density of a cargo container. Since the neutron
scattering depth for a material of width x is just proportional to pz, neutrons interrogat-
ing clumpy cargos can be attenuated much more than neutrons interrogating homogeneous
cargos. For example, a cargo container filled with twenty-seven (40cm)” steel cubes on a
uniform grid at the nominal density of about p = 8gcm 3 has the same mass as a container
filled uniformly at a density p = 0.6g cm 3. However, the uncollided flux of neutrons passing
through two of these cubes is only about 107% of the incident flux. Essentially all of the
incident neutrons exit a cube after several scatterings and the diffusive flux will be relatively
intense. Both Monte Carlo and analytic calculations show that the diffusive flux can be
about two orders of magnitude larger than the uncollided beam flux in a container packed
in this way. Clearly, the detailed nature of such ”clumped” cargo and the distribution of

voids in the container must be considered for field applications.
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VI. APPENDIXES

APPENDIX A: ESTIMATES OF THE CONTRIBUTION OF MULTIPLY SCAT-
TERED PHOTONS TO THE DELAYED -RAY SPECTRUM INCIDENT UPON
AN EXTERNAL DETECTOR

The influence of Compton scattering on the spectrum of -delayed ~-rays incident on an

external detector can be estimated by considering the case of an isotropic mono-energetic
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photon source surrounded by some attenuating material. The probability that an emitted
photon arrives at a detector outside the cargo container without having previously scattered
is

A
Py~ —L e/, (A1)

0~ ¢
Here A, is the detector area, d is the source to detector distance, a is the path length through
the attenuating medium, and )\ is the mean free path of photons in the medium. In the
limit where only Compton interactions are significant, reasonable for the range of photon

energies considered here,

A = p(Z/A)Nyo, ~ (5em) (<i/ ;”) ( P ) (%). (A2)

lgem=3 ) \op

Here p is the density of scattering material, (Z/A) is the average charge to mass ratio of the
material, or is the Thomson cross section, and

21 1 2F
Oc & §O_Tmec <— +—1In ( i >> (A3)

4 E, \4 2 meC?

is the total Compton scattering cross section.
Photons which scatter once in the cargo container before escaping have energies £ given

by the familiar relation
E
E! = 2 . A4
14 Bl cosh) (A1)

mec?

2 is the rest energy of an electron.

Here 6 is the scattering angle of the photon and m.c
Because of the limited energy range of the detected photons that are useful for extracting a
signal from decay of fission fragments, scattering by an angle greater than some 6,,,, results
in a photon with energy too small to be interesting. This maximum scattering angle is
related to the largest acceptable ratio a, = [E,/E! — 1] by
!
|E,/E}, — 1}max _ a

) (Byfme) L 08 b (A5)

For cargo applications «, is of order unity. For example, if the typical interesting photon
has an energy of 3 MeV, and the lowest limit of the detected photon signal that is of interest
is 2 MeV, then a, = 1/2.

The probability P; that a photon arrives at the detector after suffering one small angle

(0 < Omax) scattering is readily calculated for a given cargo loading scenario from

P / ( ) 1 doA; dPx
= exp(—ny)——=— .
" Jo<tman PLIx o, dS) r3 4w\

(A6)
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Here r is the distance from the photon source to the volume element d*z where a scattering
takes place, ry is the distance from that volume element to the detector and n, is the total
number of mean free paths the photon must traverse to arrive at the detector. Because 6.«
is small for our applications, the differential scattering cross section appearing in Eq. (A6)
is fairly approximated by the zero degree forward scattering differential cross section. This

implies that the fraction of scatterings resulting in a small-angle (6 < f,.y) collision is

1 [do 2
— [ ==(0~0) ] dUO < Opay) =~ —. AT
(0= 0) a0 < ) = % (A7)
For a point photon source embedded in a uniform cargo container this implies
P,
L~ (2/3)a,r. (A8)
Fy

In general, once scattered photons are expected to dominate the signal once Xr is larger

than about three.

APPENDIX B: DIFFUSION KERNEL FOR A RECTANGULAR BOX

Diffusion calculations describing transport in finite systems often make the simplifying
approximation that the flux falls to zero at an extrapolation distance d., = 2/3% from
the system walls. With this assumption the diffusion kernel for homogeneously filled cargo

containers can be represented by

4 sin(jm) sin(y'm) sin(Zn) sin(z'n) sinh (Ympa <) sinh (Ynm (L — )

Géin ,  (BI)

w2 el Vo SO (Y L)

where @ = an /W, Ypm = (1/W)Vm2 +n2, oo = min(z,2'), and 2~ = maz(x,z'). This
equation assumes that the cargo container has one corner at the coordinate system origin
and occupies only the positive octant of this system. The long axis of the container is
assumed to be along the z-axis. The length of the container along this direction is L — d.,
while the container length along the other two directions is W — d,,.

Eq. B1 points to an interesting and sometimes counter-intuitive aspect of neutron diffu-
sion in finite systems. Namely, Gy, depends only weakly (through the definition of L and
W) on the neutron mean free path. This means that the relative error induced by use of the

infinite space kernel Gi,¢ oc 1/r (rather than the more appropriate Gy,) is approximately
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the same whether the neutron mean free path is 30 cm or 30 mm.
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FIG. 1: Schematic illustration of the neutron interrogation system considered here.

19



i o—e p=0.4MC)
=—a p=0.6§MC)
o--o0 p=0.4Analytic)
a--8 p=0.6Analytic)

o

N

a1
I

©
N
I

015

o
[
T

Relative flux at center of container
T

OIIIII 1 1 IIIIIII 1 1 IIIIIII

1
Incident neutron energy (MeV)

FIG. 2: The flux at the center of a cargo container filled homogeneously with aluminum as a function
of neutron source energy and mass density. A neutron beam of unit flux is incident normal to the
floor of the container and has a 15 cm radius. Results of Monte Carlo calculations are labelled with
(MC), while estimates based on the sum of eq. (9) and eq. (6) are labeled with (Analytic). For
the analytical calculations, neutrons scattering in the 3-cm thick wood floor covering are assumed
lost from the system. This is overly conservative and results in an underestimate of the flux
for low neutron source energies (see text). Sampling uncertainties in the Monte Carlo runs are
approximately 0.1% near the center of the container and approximately 1% near the edge of the

container.
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FIG. 3: The flux along the horizontal centerline at the mid-pale of a cargo container filled uniformly
with aluminum. The incident beam used for these calculations is comprised of mono-energetic
14MeV neutrons with the same characteristics as the beam described in figure 2. Here z measures
the distance along the long (20 foot) axis of the cargo container. The upper and lower lines labeled
MC and ANALYTIC represent flux in a container filled at p = 0.4g/cm3, while the lower lines
labeled MC and ANALYTIC represent flux in a container filled at p = 0.6g/cm?. The line labeled
Gint represents flux in the absence of neutron leakage (i.e., under the assumption that the cargo
container has infinite size). Note that at distances from the beam larger than about 100 cm the
infinite-space approximation grossly overestimates the flux. Sampling uncertainties in the Monte
Carlo runs are approximately 0.2% near the center of the container and approximately 50% near

the edge of the container.
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FIG. 4: The flux at the center of a cargo container filled homogeneously with wood (see text) as
a function of neutron source energy and mass density. Neutron beam characteristics used for this

calculation are the same as those described in the caption of figure 2.
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FIG. 5: Same as figure 3 except for a container filled uniformly with plywood. The upper and

lower lines represent flux in a container filled at p = 0.4g/cm® p = 0.6g/cm?, respectively.
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FIG. 6: Ilustration of some processes leading to the production of post-fission S-delayed photons.
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FIG. 7: Estimate of the cumulative number of high-energy photons produced following thermal

neutron induced fission of 22°U and 23?Pu.
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FIG. 8: Estimate of the spectrum of photons emitted in the time interval from two to twelve seconds
following thermal neutron induced fission of 23°U. The dotted line is one tenth the cumulative sum

of the individual lines.
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TABLE I: Some quanitities useful for calculations involving neutron transport in hydrogenous

materials

Material E,(MeV)*® 7(cm?)® Ao(cm)© k~'(cm)?
Plywood 0.06 30 2.2 7.8
Plywood | 70 5 7.8
Plywood 3 185 10 7.8
Plywood 10 700 19 7.8
Plywood 14 800 20 7.8

Values listed here assume a plywood density of 0.6g/cm3.

“Neutron energy.

PFermi age of thermal neutrons with the given incident energy. Note that tau scales with density as
T o p 2.

®Mean free path of neutrons with the given incident energy. Note that A oc p~ 1.

Diffusion length of thermal neutrons. Note that k! oc p~!
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